For a practical thermoelectric generator (TEG) system, the performance is affected by many irreversible processes. This study evaluates the effects of multi-irreversibilities on TEG performance using exergy analysis. Based on the exergy analysis, two performance indexes, the energy efficiency and exergy efficiency, are used. A finite element scheme is employed to model the TEG system. The heat loss from the TEG to the environment and temperature-dependent material properties are considered. The results suggest that when the application of the small electrical current is considered, decreasing the hot-reservoir temperature or increasing the cold-reservoir temperature can improve the TEG exergy efficiency. Although heat loss slightly decreases the maximum energy and exergy efficiency, it can improve energy and exergy efficiencies for a case with large electrical current. On the other hand, when the Seebeck coefficient or thermal conductivity is temperature-dependent, both the maximum energy efficiency and exergy efficiency increase with increasing hot-reservoir temperature. However, the temperature-dependence of the electrical resistivity reduces the maximum exergy efficiency when the hot-reservoir temperature increases even though the maximum energy efficiency is increased.
Introduction
The declining supply of fossil fuels has increased the urgency of developing new energy resources. The technology of thermoelectric waste heat recovery can be regarded as a renewable energy source (1) . Waste heat is usually recovered for further usage, such as space and water heating (2, 3) , the improvement of energy recovery and system efficiency (4, 5) , and the enhancement of chemical reactions (6, 7) . Thermoelectric generators (TEGs) have advantages in the application of low-grade waste heat recovery due to their solid-state energy conversion mode (8) and thus they have been discussed in many industrial fields (9) . A TEG, which consists of many p-type and n-type semiconductors, can cleanly convert thermal energy to electrical energy based on the Seebeck effect (10) . TEGs have received a lot of attention due to their high reliability, lack of moving parts, and environmental friendliness (11, 12) . Maneewan and Chindaruksa (13) studied the performance of commercial thermoelectric modules using waste heat from a biomass dryer. The results showed that thermoelectric cooling modules have potential to be used as a TEG with waste heat from a biomass dryer with a wall temperature of 180 °C to 200 °C. Hsiao et al. (14) built a one-dimensional theoretical model to simulate the TEG recovering waste heat from an automobile. Their study suggested that the thermoelectric module performed better on the exhaust pipe than on the radiator. Jang et al. (15) investigated the effects of micro-TEG dimensions on TEG performance using finite element analysis. Their results showed that high efficiency was obtained when the length of the thermoelements was large. In addition, the power generated declined with the cross-sectional area of the thermoelements, whereas the efficiency showed the opposite trend. Wang et al. (16) studied the performance of a TEG combined an air-cooling system designed using two-stage optimization. The results showed that using the two-stage optimization, the TEG output power density is enhanced by 88.70% compared to that without the optimal design though the heat sink efficiency is decreased by 20.93%. Practically, a TEG cannot work as a stand-alone device; it must be combined with heat exchangers to transfer heat to its heat reservoirs (17) . Regarding the TEG as a heat engine, an infinitely large surface area of heat exchangers or an infinite operating time is needed to achieve the reversible conditions. This corresponds to zero power output (18) . Therefore, in
order to obtain a non-zero power output, finite-rate heat transfer between the heat engine and the environment is considered. This implies that there exist irreversibilities between the TEG and its heat reservoirs. There are also internal irreversibilities caused by the Joule heat and heat conduction through the thermoelectric elements between the hot and cold junctions (19) . Chen and Wu (19) indicated that the effects of the external and internal irreversibilities on TEG performance must be considered simultaneously to obtain more significant results for TEGs.
As far as the practical thermoelectric system is considered, there exists an undesired irreversible process which also induces the irreversibilities. That is the heat loss from the thermoelectric devices to the ambient environment. The effect of heat loss on TEG performance has been concerned in recent research. Niu et al. (20) constructed a TEG system combined with parallel-plate heat exchangers where a hot fluid and a cold fluid passed through the hot side and the cold side of the TEG, respectively. They found that the heat loss from the TEG to the environment increased significantly when the fluid inlet temperature at the hot side increased. Chen et al. (21) built a CFD model to simulate the TEG performance.
The results showed that TEG efficiency decreased when the heat transfer coefficient of the heat loss increased. However, their study did not consider the irreversibilities between the TEG and its heat reservoirs.
In the literature there are many papers proposing the importance of irreversibilities in TEG performance. However, few studies have comprehensively investigated the influence of external and internal irreversibilities using exergy analysis. Exergy is a quantitative assessment of the usefulness or quality of an energy quantity (22) . Exergy analysis provides more meaningful and useful information about efficiency and losses than does energy analysis (23) . A number of engineering applications, such as internal combustion engines (24) , solar collectors (25) , cogeneration power plants (26) , geothermal district heating systems (27) , and fuel cells (28) , have been investigated using exergy analysis. These studies demonstrated that exergy analysis is a useful tool for assessing energy-related systems. Consequently, the present study uses exergy analysis for evaluating the effects of various irreversibilities on TEG performance. The heat losses from thermoelectric elements to the environment are considered. Additionally, the effect of temperature-dependent material properties on TEG performance is taken into account. A finite element scheme is used to model the three-dimensional system and to predict the performance of a TEG. represent the heat input to the TEG from the hot reservoir, heat dissipated to the cold reservoir from the TEG, and heat loss from the TEG to the environment, respectively.
Nomenclature
In this study, the TEG system is assumed to be steady-state. The TEG module is made up of identical thermoelectric couples. The electrodes are ignored and the contact resistances are neglected because the length of the thermoelectric element in this study is larger than 200 µm (29) . Based on the above assumptions, the computational domain includes only one thermoelectric couple comprising a p-type and an n-type elements. The geometry of the thermoelectric elements is shown in Fig. 1 (b) . A thermoelectric element is specified by its depth D, width W, and length L. The lateral-side surfaces include all surfaces of the thermoelectric elements except the hot-side and cold-side surfaces. In the simulation, the p-type and n-type elements are connected electrically in series and thermally in parallel. Fig. 1 . Schematics of (a) irreversible TEG system and (b) thermoelectric couple geometry.
Governing equations for TEG
The thermoelectric effects caused by the thermoelectric elements can be expressed by the following constitutive equations (15) :
where q , T , and J represent the heat flux vector, absolute temperature, and current density vector, respectively; α , k , and ρ are the Seebeck coefficient, thermal conductivity, and electrical resistivity of a thermoelectric element, respectively. Electrical field E can be derived from electrical scalar potential φ : φ
The governing equations, including the thermal, electrical, and thermoelectric effects, are used to analyze the TEG system. Therefore, the steady-state conservation of energy and that of electric current are considered simultaneously (15) :
The coupled governing equations for the electrical potential and temperature can be obtained by substituting Eqs. (1)~(3) into Eq. (4) and Eq. (5):
Boundary conditions
The boundary conditions for the present TEG model are as follows. (1) The hot and cold sides of the thermoelectric elements are exposed to heat transfer with uniform heat transfer coefficients H U and L U , respectively. This implies:
(2) When the heat loss is considered, a uniform heat transfer coefficient loss U is employed at the lateral-side surfaces of the thermoelectric elements:
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Exergy analysis for TEG
In this study, two indexes are employed to evaluate TEG performance. One is the energy efficiency of TEG, expressed as:
where P and H Q represent the output power of the TEG and the heat input from the hot reservoir, respectively. The other performance index is the exergy efficiency of the TEG.
It measures the quality level of the converted energy and is defined as (30) :
where in Ex and out Ex represent the exergy input and exergy output of the TEG, respectively. The exergy input to the TEG is equal to the partial energy of heat input and is expressed as:
where c η is the Carnot cycle efficiency. The exergy output of the TEG is equal to the output power P. Therefore, the exergy efficiency can be rearranged as:
That is, the exergy efficiency of the TEG can be expressed as the ratio of the energy efficiency to the Carnot cycle efficiency.
Numerical method and validation
The TEG model was built using commercial software (ANSYS v12.0.1). A finite element scheme based on the Galerkin method was used to discretize the governing equations (31) . Once the simulation was done, the TEG performance was calculated. In order to validate the proposed TEG model, some parameters and operating conditions were selected. According to the results presented by Maneewan and Chindaruksa (13) , the thermoelectric module TEC1-12708 was chosen as the geometry of the TEG in this study, as shown in Table 1 . Table 1 Parameters of the base case Parameters of the thermoelectric module (TEC1-12708) (13) Operating conditions
No. of couples = 127
The material properties of the thermoelectric elements are given by (32) : 
( 1 8 ) The constant material properties at T=27 °C were initially used, that is, Table. 1 (8) .
The case with heat loss was examined first. The heat transfer coefficient of heat loss was assumed to be 10 Wm -2 K -1 (9) . Because the temperature difference across the TEG significantly affects TEG performance, the temperature distribution of the thermoelectric element along the z-direction was extracted to check grid independence. Three orthogonal-grid systems with 1,800, 5,850, and 14,400 cells, respectively, were individually tested. The numerical results are shown in Fig. 2 (a) . Good grid independence was found, and thus, the grid system with 5,850 cells was chosen. Next, the numerical results were compared with the theoretical results. Because the theoretical method proposed by Gou et al. (8) cannot deal with the heat loss from the lateral surfaces of the thermoelectric elements, the case without heat loss was examined. As shown in Fig. 2 (b) , where P , η , and ex η are examined, the numerical results agree well with the theoretical results. The proposed model is thus suitable for analyzing TEG performance with multi-irreversibilities. 
Results and discussion

Influence of heat loss
The influence of heat loss from the thermoelectric elements to environment on TEG performance was investigated. The parameters and operating conditions of the base case shown in Table. Fig. 3 . Figure 3 (a) shows that the curve of exergy out is parabolic whereas that of exergy input is linear and increases with increasing current. Due to the existence of inherent internal irreverisibilities, the order of magnitude of exergy output is smaller than that of exergy input. Additionally, the results indicate that both the exergy input and exergy output increase with increasing heat transfer coefficient of heat loss. This is due to the fact that more heat loss from the TEG means that more energy input is needed in order to satisfy the energy balance. Because the energy input is increased, the exergy input and exergy output increase. For exergy loss, which is defined as out in loss Ex Ex Ex − = , more heat loss results in more exergy loss, as shown in Fig. 3 (b) . This finding indicates that compared to increase of exergy input, the increase of exergy output may be negligible when the heat loss is increased. As shown in Fig. 3 (b) , the exergy loss is at its minimum when the electrical current approaches zero. However, this is not suitable for practical TEG applications.
The indexes of TEG performance, η and ex η , can be obtained from Fig. 3 (c) .
According to the definition of exergy efficiency, the percentage of useful energy that can be obtained from the TEG under multi-irreversibilities can be determined. As shown in Fig. 3 (c), the magnitude of ex η is higher than that of η . Furthermore, the developments of η and ex η have similar trends when the heat transfer coefficient of heat loss is varied. That is, the existence of heat loss leads to slight reductions in both the maximum η and maximum ex η . Additionally, the distributions of η and ex η both slightly shift in the positive-current direction. Therefore, the case without heat loss exhibits higher η and ex η values than those of that with heat loss for a small electrical current whereas the opposite is true for a large electrical current. Fig. 3 . Effects of heat loss on TEG performance in terms of (a) exergy input and exergy output, (b) exergy loss, and (c) energy efficiency and exergy efficiency.
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Influence of external irreversibilities
In order to investigate the effects of external irreversibilities on TEG performance, four cases corresponding to different heat transfer coefficients at the hot side and cold side of the TEG were used. They are summarized in Table. 2. Heat transfer coefficients of 250 Wm -2 K -1 and 6000 Wm -2 K -1 can be regarded as an air-cooling (heating) system and a water-cooling (heating) system, respectively (8) . The other operating conditions for each case are fixed. The TEG performance for the four cases is shown in Fig 4. The results reveal that, in general, the energy and exergy efficiencies improve with increasing heat transfer coefficient. This is due to larger heat transfer coefficients letting the hot-side and cold-side temperatures of the TEG be closer to the hot-reservoir and cold-reservoir temperatures, respectively. Consequently, the temperature difference across the TEG is increased and thus the TEG performance is improved. The range of electrical current is also expanded when the heat transfer coefficients increase. It should be noted that comparing to the case 1, a noticeable enhancement in TEG performance is obtained when the heat transfer coefficients of both sides of the TEG are increased. As shown in Fig 4, a maximum Another analysis was conducted in which the heat reservoir temperatures were varied. The analysis focused on the effect of the heat reservoir temperature on TEG performance. Therefore, the heat transfer coefficients at both sides of the TEG were set equal to that of the base case given in Table. Fig. 5 (a) , the results show that the maximum η is increased by 40.2 % but the maximum ex η is only increased by 3.45 %. The reason is that at the current corresponding to maximum ex η , the exergy input increase significantly with increasing the hot-reservoir temperature, as shown in Fig. 5 (b) . Therefore, the maximum conversion ratio of energy quality is only enhanced slightly when the hot-reservoir temperature increases even though the maximum conversion ratio of energy quantity is improved greatly. Furthermore, it is worth noting that when a lower hot-reservoir temperature than that of the base case is employed (i.e. H T =70 °C), a higher ex η can be obtained for a small current (for example, I=0.05 A). However, η does not exhibit this trend; it is always improved with the increasing hot-reservoir temperature in the considered range of electrical current. One explanation for this is that when hot-reservoir temperature increases, the major exergy output (the power produced by Seebeck effect 17) ) is improved slightly for a small current whereas the exergy input is improved significantly (see Fig 5(b) ). Therefore, the results reveal that exergy analysis may be more suitable than energy analysis for evaluating the potential of low-temperature waste heat recovery using a TEG. The above-mentioned trend can also be found in Fig. 6 . However, there is almost no change in the maximum ex η , whereas the maximum η increases when the cold reservoir temperature decreases. If the heat transfer coefficients at the hot side and cold side of the TEG are switched, the maximum ex η increases with decreasing cold-reservoir temperature, as shown in Fig. 7 . The results clearly indicate that the effect of cold-reservoir temperature on TEG performance is related to the heat transfer coefficients at both sides of the TEG. Under the operating conditions of the base case, increasing the hot-reservoir temperature is a better approach than decreasing the cold-reservoir temperature for improving the maximum ex η . 1.6 
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Influence of internal irreversibilities
The temperature-dependent material properties were considered to investigate the influence of internal irreversibilities on TEG performance. The material properties of the TEG are given in Eqs. (16)~ (18) and the temperature dependence curves are shown in Fig.  8 . Based on the above discussion, the hot-reservoir temperature was regarded as the parameter with the other operating conditions fixed (see Table 1 ). The results of the temperature-dependent Seebeck coefficient, thermal conductivity, and electrical resistivity are compared with the constant properties obtained at 27 °C in Fig. 9, Fig. 10, and Fig. 11 , respectively. It is well-known that the temperature-dependent Seebeck coefficient causes the Thomson effect. This effect has been demonstrated that it can improve the performance of the thermoelectric cooler (33) . The performance of TEG with Thomson effect are illustrated in Fig. 9 . This figure indicates that both η and ex η values improve with different hot-reservoir temperature. The improvements of the maximum η and maximum ex η are the same, reaching 7.84% compared to the case with constant properties obtained at 27 °C, when the hot reservoir temperature of 90 °C is used. As shown in Fig. 10 , the TEG performance is improved when the temperature-dependent thermal conductivity is considered. However, the improvement in performance is smaller than that obtained for the case with temperature-dependent Seebeck coefficient. One explanation for this is that the thermal conductivity increases when the temperature is above 63 °C, as shown in Fig. 8 (b) , and thus enhances the irreversible effect. When the temperature-dependent electrical resistivity is considered, as shown in Fig. 11 (a), even though η still improves with increasing hot-reservoir temperature, a lower η value is obtained compared to that obtained with constant material properties. Especially under the condition of H T =90 °C, the maximum η is reduced by 14.34% compared to that with constant material properties. As a result, the maximum ex η decreases slightly when the hot-reservoir temperature increases, as shown in Fig. 11 (b) . That is, the maximum conversion of energy quality decreases when the hot-reservoir temperature increases, which cannot be found by energy analysis. This phenomenon is quite different from the results of the other two temperature-dependent material properties, where both maximum η and ex η increase with increasing hot-reservoir temperature. These results reveal that, for a practical TEG system, the temperature dependence of the Seebeck coefficient and electrical resistivity plays an important role in TEG performance, especially for electrical resistivity. 
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Conclusion
A TEG system with multi-irreversibilities was investigated using a numerical method. Based on an exergy analysis, two major indexes, namely the energy efficiency and exergy efficiency, were used to evaluate TEG performance. The results show that the existence of heat loss results in slight reductions of maximum energy and exergy efficiencies. However, the case with heat loss can still provide better energy and exergy efficiencies than those obtained without heat loss for a large electrical current. The performance indexes increase with increasing heat transfer coefficients at the hot side and cold side. Noticeable enhancements in the performance indexes were observed only when the heat transfer coefficients of both sides were increased simultaneously.
The results indicate that for a small electrical current, a higher exergy efficiency than that of the base case can be obtained using a lower hot-reservoir temperature or a higher cold-reservoir temperature, but at the expense of lower energy efficiency. Additionally, the maximum exergy efficiency can be improved by increasing the hot-reservoir temperature. However, the cold-reservoir temperature does not affect the maximum exergy efficiency under the conditions of the base case. Therefore, this study suggests that increasing the hot-reservoir temperature is a better approach to enhancing TEG performance. If the Seebeck coefficient or thermal conductivity is temperature-dependent, the TEG performance is better than that with constant properties obtained at T=27 °C. However, the case with constant properties performs better than that with temperature-dependent electrical resistivity. Although the energy efficiency can still be enhanced by increasing the hot-reservoir temperature, the maximum exergy efficiency decreases. For a practical TEG system, this situation should be taken into account.
